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1. PROJECT SUMMARY

The discoveries of the solid state CN- vibrational laser, of the efficient generation at
subharmonics of the pump frequency by overtone IR pumping and of population inversion
in the vibrational manifold produced by nonresonant pumping in the UV were all made

under this grant. The unexpected findings indicate that the vibrational dynamics of

molecules in solids is more subtle than previously expected.

Our IR pumping experiments have demonstrated for the first time the feasibility of solid
state mid-infrared lasers based on purely vibrational transitions of molecular impurities
embedded in a host matrice. In the first experiments pulsed oscillation at 2054 cm-1 was
obtained on the 2 -> 1 transition of CN- ions in KBr host following pulsed optical pumping
of the CN- lower laser level. Subsequent research then focused on the response of directly
pumping the upper vibrational laser level by means of a color center laser tuned to the
weakly allowed first overtone transition. For cw pumping, cw lasing was observed. It is
the result of the strong lifetime-shortening effect produced by rapid vibration-vibration
transfer. In addition, it was discovered that since the upper laser level is fed by this
process, an enhancement of the laser efficiency occurs. Still higher concentration CN-
lasers have been studied in two additional series of experiments. By using an open
resonator configuration, cw oscillation at 4.9 um has been observed on the 2 -> 1
vibrational transition of CN- impurities embedded in KI. Population inversion in this
device is produced by direct optical pumping of the first overtone transition at 2.42 um
with a tunable color center laser. By using a closed resonator, simultaneous pulsed laser
output has been observed from the 3 -> 2 and the 2 -> 1 transitions following long pulse
pumping of the second overtone transition with the recently developed high power
NaCl:F,+:02- color center laser. If other diatomic defects in crystals are found to behave
similarly to CN- then solid state vibrational lasers could be practical for a variety of

applications in the IR and FIR spectral regions.
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2. FINAL REPORT

2.1 Introduction

Since Maiman's original invention of the ruby laser in 1960[1], a large variety of fixed
frequency and continuously tunable solid-state lasers have been developed. Spanning a
frequency region from the visible to the mid-infrared, the gain media of these devices are
composed of such diverse materials as impurities of transition metals and rare earth ions in
insulators (Nd:YAG][2], alexandrite[3], Ho:CaF,[4], Ce:YLF[5]), color centers in alkali
halides[6] and alkaline earth oxides(7], and p-n junctions of binary, ternary, and quaternary
compound semiconductors (GaAs{[8], AlGaAs[9], PbSnSe[10], InGaPAs[11]). Despite

this variety, a universal attribute of these different devices is that the lasing transition occurs

exclusively between different electronic states of the laser active constituients. By
comparison, not only have analogous electronic state lasers in the gas phase been
developed (Ar*[12],Kr*[13], HeNe[14], N,[15]), but also gas lasers based on vibrational
(or more properly ro-vibrational) transitions of molecules in their electronic ground states
(CO,[16], CO[17], N,O[18], HF[19)).

The explanation for the conspicuous absence from the above list of devices of a solid
state laser based on purely vibrational transition is partly historical. Visible, electronic state
luminescence in solids and gases has been well studied for decades. Convenient incoherent
pumping techniques including electric discharges and UV flashlamps, combined with the
photon counting capabilities of photomuitiplier tube detectors available in the visible zu;d
near infrared regions of the spectrum, have greatly facilitated the investigation and practical
application of electronic state transitions. But more fundamentally the principle obstacle to
the construction of a solid state vibrational laser has been that extremely low fluorescence
quantum efficiencies disadvantageous for laser applications are almost universally observed
for vibrational transitions in solids, whereas high quantum efficiencies are commonly

observed for their electronic counterparts. Roughly speaking, this circumstance is a




consequence of the larger reduced mass associated with molecular vibrations compared
with the electronic mass, which implies lower transition frequencies and weaker radiative
transition moments. Consequently, nonradiative decay of, say, an excited impurity state
into lattice phonons or excitations of the defect space is expected to be much more likely for
a vibrational mode than for an electronic state. Indeed, nonradiative vibrational relaxation
times for matrix-isolated molecules typically fall in the nanosecond{20] or perhaps
microsecond regime, whereas radiative lifetimes are larger than 1 msec. Direct
observations of vibrational fluorescence in the defect solid state are very rare, and in most
of these cases, relaxation is still dominated by nonradiative processes[21-25].

Nevertheless, a few examples of vibrational relaxation in solids dominated by radiative
transitions have been discovered. Vibrational fluorescence was first observed for CN- by
Field and Sherman in 1967[26]. In 1972, a 15 msec fluorescence lifetime was
reported[27] for CO molecules embedded in solid Ar and Ne matrices at liquid helium
temperatures. These workers naturally recognized the potential application of their
discovery to solid state lasers, and in later experiments[28-30] population inversions were
readily observed in the argon:CO system. Apparently, however, the engineering
difficulties associated with producing large, optical quality inert gas cry-:als and optical
resonators at cryogenic temperatures discouraged further developement. After these
ground-breaking experiments, little progress was made throughout the following decade.

In 1983, the CN- fluorescence was rediscovered[31,32] and a fluorescence decay time
of 6 msec was measured at 15 K. The obvious great advantages of this ionic system over
the van der Waals one are that large, high optical quality alkali halide crystals are easily
grown, and can be readily cleaved, polished, and optically coated at room temperature.
These advantages have for the first time made feasible a solid state laser(33,34] based on
vibrational transitions of matrix-isolated molecules.

Fundamental experimental results have been obtained in the last three years on the

3
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operating characteristics of prototype KBr:CN-, KI:CN-, and RbI:CN"4.9 um lasers in a
variety of optical resonator configurations and using several optical pumping
techniques[35-37]. A great deal of information has been obtained regarding the CW
fluorescent properties of these matrix isolated molecules at both high{38] and low
temperatures(39]. Finally a new nonresonant method for pumping the vibrational manifold
has been discovered and some preliminary time dependent fluorescent studies have been
made which show that population inversion can be obtained in this UV-EXCIMER laser
pumping mode[40,41]. In all of these fluorescence and laser experiments the influence of
highly efficient, vibrational energy exchange processes (V-V transfer) is observed to occur
between donor/acceptor pairs of excited CN- ions. Remarkably, these cross-relaxation
processes lead to populations in excited vibrational states as high as v = 26, and therefore
strongly influence the vibrational kinetics[39]. Alhtough V-V transfer has been studied in
the AR:CO system[28-30], the new context in solid state laser kinetics for energy transfer
processes has led to the observation of unusual solid state laser phenomena, including
energy transfer induced cw oscillation. For this reason a dominant theme of the research
has been and continues to be focused on the physics of vibrational energy transfer in the

alkali halide:CN- system.

2.2 Fluorescence Experiments
2.2.1 High temperature lifetime measurements

A doubled CO, laser provides a convenient pump for examining the 0 -> 1 vibrational
stretch mode transiton of CN- matrix isolated in alkali halide crystals. A representative
room temperature laser induced IR emission spectrum for KBr:CN- is shown in Fig. (1a).
Except for the scattered light peak at the pump frequency, the spectrum is broad and
featureless, and roughly corresponds to the 300 K absorption lineshape observed for the
system. Since this fluorescence decay signal is well described by an exponential decay law

the relaxation times can be extracted. We find that the CN- vibrational lifetime varies
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Figure la. Room temperature vibrational fluorescence for KBr + 0.5%
KCN. The resolution is 9 cm-!, as indicated by the width of the the large
scattered light peak at the pump frequency.

Figure 1b. Emission spectrum at 1.7 K. The strongest feature is from the
vibrational mode associated with the carbon 13 isotope in natural
abundance.




strongly from host to host[38]. This result can be understood in terms of a high order
multiphonon decay process is expected to provide the nonradiative decay component to the
vibrational decay rate. Thus, those hosts such as Csl or RbI with small Debye
temperatures or optic phonon frequencies should show correspondingly long vibrational
lifetimes. In particular, an energy gap law of the form

t! = Aexp(-fN) (1)
relates the the vibrational lifetime to the number of decay phonons N, and to a pair of
constants characteristic of the phonon coupling[20]. Figure (2) shows a semilogarithmic
plot of the observed room temperature lifetimes as a function of the number of longitudinal
optic phonons required to conserve energy. Except for the potassium salts, quite
reasonable agreement with the energy gap law is obtained, as shown by the straight line fit
drawn in the Figure. (The potasium salt discrepancy will be considered again in Sec. 3.4.)
We find that the measured temperature dependence of the relaxation rate is much to slow to
correspond to the multiphonon process and much too fast to be identified with rotational
relaxation[42].

The question of the source of CN- vibrational relaxation at room temperature remains
unresolved. The fact that a reasonably strong temperature dependence is observed for the
fluorescence lifetime, and that reasonable agreement is obtained between the multiphonon
model and the observed temperature dependence for at least a few of the host lattices
suggests that some aspects of the relaxation mechanism should be attributed to a
muitiphonon process. It is conceivable that due to the larger rotational potential barriers to
be expected for the alkali halides over those of rare gas solids, librational relaxation might
participate together with multiphonon decay to relax the CN- vibration. In this way fewer
lattice phonons would be required hence a softer temperature dependence would result. At
present there is not enough data to support this or any other hypothesis. It may also be

possible that lattice excitations beyond the harmonic approximation are important. A strong
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Figure 2. Semilogarithmic plot of the 297 K fluorescence lifetimes as a
function of the number of longitudinal optic phonons required to relax the
CN- vibrational mode. Except for the potiasium salts, an energy gap law
is indicated by the straight line fit drawn through the points.




hint that other degrees of freedom may be involved is shown in Fig. (3). Thedataat 1.7 K
does not match up with data taken at higher temperatures on the same crystal. The dashed
line shows the interpolated temperature dependence in the unexplored region. A closer
look at the fluorescence lifetime between 1.7 K and room temperature is clearly needed to
help further decide the number ot the degrees of freedom involved in the vibrational
relaxation dynamics.
2.2.2 Reversible OH- trapping effects

An interesting impurity trapping effect on the fluorescence life time of CN- was
discovered for RbI and RbBr host crystals[38]. During a cycle of the sample temperature
from 300 K to 550 K and back to 300 K, larger fluorescence lifetimes were observed on
the cooling stage of the cycle. Contined experimentation indicates that the source of this
temperature reversible trap is atmospheric water vapor which provides a source of OH-
ions which rapidly diffuse through the Rbl and RbBr lattices. Indeed, for a Rbl sample
exposed to air following a temperature cycle, the large fluorescence lifetimes relax toward
their smaller pre-cycle values over a period of days. For a sample maintained in an
evacuated chamber at a pressure less than one torr, no decrease in lifetime has been
observed over a two week period[42].

That the OH" ions themselves constitute the trapping center is unlikely due to the large
1200 cm-! mismatch of the OH- vibrational frequency above the CN- frequency. A more

likely candidate would be a trapped complex formed by the OH" ion with another molecular

species already present in the crystal. The temperature cycling effect on the fluorescence
lifetime would then be understood as the thermal dissociation of the complex.(Sec. 3.4
considers another possibility.) Impurity vibrational trapping effects have been observed in
rare gas systems[28]. The new feature introduced in the present high temperature
experiments, however, is that the defect chemistry can also be an important tactor in

determining the vibrational fluorescent lifetime.
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2.2.3 Low temperature fluorescence measurements
cew_fluorescence spectra

At temperatures below about 30 K, the broad emission spectrum from CN- observed at
high temperatures begins to break up into a line spectrum as illustrated with trace (b) in Fig.
(1). By combining a tunable diode laser pump together with a FTIR spectrometer the cw
emission spectrum can be monitored over a broad frequency region at extremely high
resolution. The total radiated power is greatly increased at low temperature due to the
decreased nonradiative relaxation rate and the increased absorption of pump energy as the
CN- linewidth narrows upon sample cooling. Figure (4) shows the emission intensity at
1.7 K for KBr, KI, Rbl host crystals doped with 0.5 % isotopically pure CN- in the top
three traces and CsI doped with 0.1 % CN- in the bottom trace[{39]. The appearance of the
line spectra at low temperatures can be attributed to electric dipole mediated vibrational
energy transfer from the laser excited CN- ions in the v = 1 state to neighboring CN- ions,
which in general are in arbitrary excited states as a result of previous energy exchanges.
This up the ladder cascade of vibrational energy competes with the downward radiative and
nonradiative transitions.

The simplist description of this cascade process can be given in two steps. First,
resonant transfer of energy via electric dipole coupling occurs between a singly-excited
CN- ion and a ground state ion:

CN-(1) + CN-(0) -> CN-(0) + CN-(1). @)
For the concentrations shown in Fig. (4) the hopping time between sites is estimated tobe ~
2 usec. The second step in the energy wansfer process occurs when a pair of the highly
mobile v = 1 excitations reside on a pair of nearest neighbor CN- molecules. If the two
molecules are sufficiently close together, the much less likely nonresonant exchange

CN-(1) + CN-(1) -> CN-(0) + CN-(2) + 25 cm’! (3)

can occur. This is due to the strong power law dependence of the resonant and
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nonresonant electric-dipole transfer probabilities, which for sufficiently small distance
between molecules, favors up the ladder transfer over continued migradon{39]. That the
exchange given by Eq. (3) is a nonresonant process is due to the 25 c¢m-i mismatch
between the 0 -> 1 and 1 -> 2 transitions which results from anharmonicity in the
internuclear potential of the CN- molecule. The mismatch is compensated by the emission
of one or more phonons.

It is important to note that when only electric-dipole interactions are responsible for
energy transfer, migration of the v = 2 excitation by resonant hopping to the ground state
ions is forbidden by the Av = 1 dipole selection rule. On the other hand, the resonant
exchange

CN-(2) + CN-(1) -> CN(1) + CN-(2) 4
which may follow from the approach of a mobile v = 1 excitation does lead to migration of
the v = 2 excitation. Since the v = 1 population is generally much smaller than the v=0
population, however, migration of the v = 2 excitations is certainly slow and probably
negligible. The point to be made here is that since only the v = 1 population undergoes
rapid migration, and since only very close encounters of v = 1 excitations with other
molecules (in arbitrary energy states) results in nonresonant transfer, only singly-excited
molecules may serve as energy donors. The general nonresonant exchange process may
therefore be written

CN-(1) + CN-(v) > CN-(0) + CN-(v+1) + AE, . &)
Here, AE, = (E;-Ey) - (E,,; - E,) is the vibrational energy mismatch, which for
cubic and quartic an! rmonicity can be expressed succinctly as
AE, = vVAE,, (6)
with AE, =25 cm! for CN~.

In accord with the Av = 1 selection rule for radiative vibrational transitions, the above

considerations predict a sequence of emission lines spaced by 25 ¢m-! beginning with the
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1 -> 0 transition at the pump frequency and extending to lower frequencies. This general
behavior can be seen in Fig. (4). In addition, since the strength of a spectral emission line
is proportional to the population difference between the two levels then population
inversion occurs for those lines where the strengths in the sequence increase with
decreasing frequency. All four traces show this effect for lines above 1950 cm-1.

Close inspection of the spectra in Fig. (4) show that in a number of cases the emission
lines are doublets and that the population in one part of the doublet is different than in the
other part. Careful concentration dependent flourescent studies have shown that the lower
frequency component of each emission doublet is associated with pairs of CN- ions in the
crystal[39]. The strongest emission component for each doublet in the figure is identified

n_mn

for isolated molecule or a "p" for pair. Note that all spectra show a

Ili"

with an
metamorphous in that the emission near the pump line is from isolated ions but the
emission lines shifted the farthest to the red are associated with pair sites. The underlying
efficiency of these pair complexes to accumulate a significant portion of the vibrational
energy may stem from an unusual trapping mechanism. Within the pair one of the CN-
molecules is always in the ground vibrational state ready to accept an excitation while the
other neighboring molecule gets promoted to higher and higher vibrational levels with the
capturing of each additional excitation.

A systematic study of V-V transfer has not yet been carried out at still higher dopant
concentrations but because of the higher efficiency of CN- complexes to trap vibrational
energy the result should be quite interesting with perhaps larger clusters stealing the
vibrational energy from smaller ones. It should be noted that Liity et al.[32], have varied
the concentration of CN- in KCl and reported that “concentration quenching” eliminates
most fluorescence by a concentration of 5% CN-. Since an InSb detector was used to
make this determination and since this detector does not operate at frequencies below 1900

cm-! inspection of Fig. (4) shows that at high concentration the emission peak may simply

13




move to longer wavelengths beyond the detector window.
temperature dependence
As the temperature is raised the line emission spectra of CN- in alkali halides is

radically changed. In all cases vibrational energy is observed to travel farther up the
anharmonic ladder so that the emission shifts farther to the red. A particular host lattice-
dopant combination (CsI + 0.1% CN- + 0.1% TI*) is illustrated in Fig. (5). [The TI* ion
does not pla}; arole in this IR pumping scheme but it will be important later-Sec. 2.4- when
the nonresonant UV pumping option is described.] At low temperature the emission output
is peaked near 1900 cm-1 and with increasing temperature a complex pattern appears with
the center of gravity shifted to the red. The lowest frequency IR emission feature observed
for this system at 23 K belongs to the 26 -> 25 vibrational transition in the ground
electronic state of CN- pairs. This energy level is situated 5.2 eV above the ground state.

At temperatures higher than about 30 K, the sharp line fluorescence disappears and
extremely weak 1 -> O fluorescence is observed. The sloping background in the Figure is
attributed to black body radiation.

time-resolved fluorescence measurements
Considerably more information concerning energy transfer kinetics at low temperature

can be obtained from time-resolved measurements of the multi-level vibrational
fluorescence of the CN- ion. In addition to line strength information equivalent to the
spectra previously presented, the time development of level populations can be directly
observed and model calculations performed to more deeply investigate the microscopic
transfer process. Some work has been carried out along this line with a grating
monochromator but because the emission spectra are complex with frequency, time,
concentration, temperature and impurity concentration describing five important variables, a
systematic study of the time evolution of the emission has not yet been feasible and will

depend on our ability to put together a time resolved FTIR spectrometer so that the Felgett
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advantage is recaptured.

Figure (6) shows the fluorescence intensity at 1.7 K for the first five vibrational
transitions of CN- for a KBr host doped with isotopically enriched KCN. As can be seen
in the figure, rapid depletion of the v = 1 level resulting from energy transfer to other
excited molecules yields an approximate 1 msec effective lifetime for the v = 1 state.

Commensurate with the depletion of v = 1, the higher levels are rapidly filled.

2.3 The CN-- Doped Alkali Halide Laser
2.3.1 Experimental details

Optical pumping of alkali halide:CN- lasers has been accomplished using three different
laser systems for, fundamental, second harmonic and third harmonic vibrational transitions
of CN-. For pulsed pumping of the fundamental, a frequency-doubled CO, TEA laser
provides 100-ns, SO0 pJ pulses at 4.8 pm at a repetition rate of 1 Hz. Continuous-wave or
chopped pumping of the second harmonic at 2.4 um is accomplished with a KCL:Li(F,*) 5
color center laser and cw pumping of the third harmonic of CN- at 1.6 um is accomplished
with a NaCl:F,+:0-2 color-center laser. The output powers of these lasers are
approximately 50 mW and 1W respectively. All three systems yield linewidths of
approximately 1 GHz.

Laser cavities are fabricated in two ways: the simplist technique is to evaporate mirrors
and output couplers directly onto 1-mm? end surfaces of cleaved crystals ranging in length
from 5 to 15 mm. End reflectors consist of 2000 A gold films with 100-um to 300-um
holes masked off during the evaporation procedure, or A/4 (3000-A) germanium films
which provide approximately 30 % output coupling at the laser wavelength of 4.9 um. In
some instances, input coupling holes for laser pumping through the end reflectors also have
beenused. The cavity lengths and KCN concentrations of these lasers are dictated by the

optical pumping technique: Pumping of the weak overtone transitions generally
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Figure 6. Time resolved fluorescence signals at 1.7 K from the first five
vibrational transitions of CN- in KBr + 0.5 % isotopically enriched KCN.
The traces are labelled with the vibrational quantum number
corresponding to the upper state of the appropriate transition.
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requires longer cavities, higher concentrations, or both to insure efficient absorption of
pump radiation. To exert more control over mode quality a more traditional optical
resonator has been constructed around a cooled crystal using a flat end mirror internal to the
cryostat and an external output coupler{37].

2.3.2 Experimental results on optical pumping

By optically pumping the fundamental, second harmonic, and third harmonic
vibrational transitions of the CN- molecule, three different modes of operation have been
tested. The second and third harmonic pumping configurations are particularly interesting
because they demonstrate that the solid state molecular laser can be used to convert (with
high efficiency) an IR pump input into subharmonic output radiation.

fi l .

In the first type of these experiments{33], pulsed oscillation at 2054 cm-! was obtained
on the 2->1 transition of CN- ions in a KBr host following pulsed optical pumping of the
CN- v=1 lower laser level. Population inversion between the v=2 and v=1 levels
subsequently arose in this system as a result of the phonon-assisted cross-relaxation (V-V
transfer) process described earlier. The V-V transfer is sufficiently rapid and efficient at
high impurity concentrations (0.05 to 0.5 mole%) that very little fluorescent emission is
observed from the 1->0 transition. Gain coefficients as large as 1 cm! were observed.

It is important to use isotopically pure dopant rather than naturally occurring KCN since
a significant fraction of the initial pump energy is lost as a result of V-V transfer to the less
abundant species 13CN- and C!5N- by the process

CN-(1) + CNr-iso(v) -> CN-(0) + CN-iso(v+1) + AEiso . (7
Here, AEiso is the isotope shift, which is equal to 43 cm-! for the 13CN- species and 32
cm-! for the C15N- species.

To my knowledge, the ability to obtain laser oscillation by optical pumping of the lower

laser level followed by cross relaxation to produce population inversion is unique to the
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alkali halide:CN- system.
second harmonic

More conventional laser pumping is possible due to the weakly dipole allowed overtone
transition 0 -> 2 at 2.42 um. Despite the factor of 100 weaker absorption in comparison to
the fundamental, for samples doped at 0.5 % the measured absorption coefficient at the
overtone is typically 2.5 cm], so that a large fraction of the pump radiation can still be
absorbed on a single pass through a 5-mm long gain medium({36]. With a KCL:Li(F,*)4
color center laser , a population inversion between the 2 and 1 vibrational levels can be
created. Only 26 pJ is required to reach threshold when the upper laser level is pumped
directly. This comparatively small threshold energy is a result of two facts: Firstly, a
lower quantum efficiency exists in first harmonic pumping for conversion of pump photon
into doubly excited CN- ions owing to V-V transfer from singly-excited ions to ions in
higher vibrational states. Secondly, a narrower gain bandwidth is produced by the 1-GHz
linewidth of the color center pump laser in comparison with the 4.5 GHz gain bandwidth
measured for the first harmonic pumping.

CW oscillation is also possible in this pumping scheme. This result is at first glance
surprising, since normally only pulsed lasing is expected for a system in which the lower
state lifetime is longer than the upper state lifetime. However the effective lifetime of the v
= | level of CN- is reduced to a value less than the upper level through the influence of V-
V transfer processes, at least when the the v = 1 population is sufficiently large that these
processes are important. Gain saturation of the 2 -> 1 transition creates such a large v = 1
population that the lifetime shortening effect of V-V transfer on this state is sufficient to
permit cw oscillation on the 2 -> 1 transition. An interesting observation to make at this
point is that in addition to inducing cw lasing, V-V transfer also adds to the laser efficiency
by regeneration of the v = 2 population. Similar behavior has been observed by Prokhorov

in an Er3+- doped YAG laser{4].
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For this experiment, a 15-mm? x 10 mm plane-parallel closed resonator was formed by
evaporation of metallic silver films onto all faces of a sample of KI + 5% KCN[37].
Output coupling and pump beam injection was provided by a 0.5-mm diameter hole in the
silver film on one of the 15-mm?2 faces. This approach was chosen over the open
resonator configuration described above in order to favor trapping of pump radiation within
the cavity (& <0.01 cm-1 at 1.63 mm for 5% CN- concentration).

With the recent development of the high-power F,*:02- color-center laser in NaCl
(tuning range 1.55 pm to 1.65 um){43], the weakly allowed 0->3 transition of CN- at 1.63
um (6,126 cm-1) can be pumped. Figure 7 shows output waveforms obtained in response
to an 18-ms 500-mW pump. Fig. 7(a) shows laser emission from the 3 ->2 transition at
2017 cm! superimposed on a fluorescence background. The laser output starts
simultaneously with pumping of the 0 ->3 transition, but begins to terminate as the
population builds up in the lower (v=2) level. Since the v=1 state has not been directly
pumped, an inversion is soon established betweeen the v=2 and v=1 states. Figure 7(b)
shows the near-simultaneous pulsed output at 2042 cm-1 from the 2 ->1 transition. The
onset of lasing and subsequent saturation of the 2 ->1 transition is responsible for the
secondary spike appearing on the output of the 3 ->2 transition, owing to the depopulation
of the v=2 state.

It is worth noting that the above observation of "cascade lasing" and the already
demonstrated significance of vibrational energy transfer processes in this solid-state context
suggest an obvious analogy to the operation of CO gas lasers[44], a system in which
exchange of vibrational energy among annarmonic oscillators is also important[45,46].
Since high power cw operation of the CO laser on high-lying vibrational levels (v=12 to
v=18) is readily obtained at practical temperatures, a natural expectation is that high-

concentration alkali-halide:CN- lasers might operate equally well under these conditions.
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Figure 7. (a) Laser output at 2017 cm-! from the 3 -> 2 transition of
CN- for a plane-parallel closed resonator. The laser is optically pumped
on the CN- 0 -> 3 transition at 6,126 cm-!.

(b) Output from the 2 -> 1 transition at 2042 cm! is also observed. Note
the coincidence of the onset of lasing in the 2 -> 1 signal with the small
secondary spike in the 3 -> 2 transition. Only pulsed oscillation is
observed in this system,
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In fact, in contrast to the gas phase problem, the solid-state case may offer an important
advantage: The only effective receptors of vibrational energy in endothermic gain-
supressing exchanges are ground-state CN- ions,they are the most abundant species, and
possibly singly-excited ions,they are the only "mobile" species. This suggests that the rate
of thermally activated transfer from high-lying to low-lying vibrational states should be less
for matrix-isolated CN- than for gas phase CO since only the largest possible activation
energies will apply. At least on these fundamental grounds, high temperature operation of
high-concentration matrix-isolated CN- lasers may in fact be easier to obtain. On the other
hand. the practical problem of achieving effective direct excitation of high-lying vibrational
states in a solid-state environment remains to be understood. Gellerman et. al.[47], have
obtained oscillation at 77 K from CsCl samples co-doped with F-centers and CN- ions at
very low concentration where V-V transfer is not important. In this case vibrational
excitation results from optical pumping of the color centers in their red absorption band,
followed by electronic-to-vibrational energy transfer to associated CN- ions.

This report[47] of CN- v=4-state excitation by direct transfer from electronic states of
F-centers gives encouragement that a mechanism for high-vibrational-state excitation is
possible. The prospect for a high-power solid-state analogue of the CO laser by itself

should provide additional motivation for continued work on molecular defects in crystals.

2.4 UV Nonresonint Pumping of the CN- Vibrational Manifold
We have discovered that a complex IR vibrational emission spectrum occurs when CN-
doped crystals are pumped with nonresonant radiation in the ultraviolet part of the spectrum
at 308 nm{41]. A Lambda Physik 101-MSC Excimer laser giving typically 200 mJ per
20ns pulse at the output was used as a pump in these experiments. The laser energy

incident on the sample was 20-30 mJ per pulse. To insure that IR emission from the laser
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did not reach the IR detector, the pump pulse was first sent through fused quartz before
reaching the sample. The IR signal from the sample was collected at right angles to the
pump beam, passing through ZnSe and NaCl windows before being imaged through a
Jarrell-Ash 1/4 Meter monochromator onto an InSb Detector. A digital storage scope was
used to average the fluorescent signal from 32 laser shots at each grating position. To get
the integrated intensity spectra, the signal is integrated in time at each monochromator
position.

Both the time dependence of the IR fluorescence and the integrated intensity from each
of the vibrational emission lines are shown in Fig. (8) for Rbl + 0.2 % KCN. The strong
line shown at the top of Fig. (8) corresponds to the 2 -> 1 transition and clearly
demonstrates that over a one pulse cycle there is much more population located in level 2
than in any other part of the vibrational ladder. The bottom trace illustrates that level 2 has
a larger population than level 1 over the entire time that emission occurs. Even more
important the figure demonstrates that this new UV pumping scheme fills the ground
electronic-vibrational level 2 preferentially over level 1 without any V-V transfer
mechanism since a growth curve for the filling of this level is not observed even at pisec
time scales. This trace should be contrasted with those shown in Fig. (6) where after a
direct IR pulse coincident with the 0 -> 1 transition, V-V transfer is essential to provide the
population in level 2.

Since the excited CN-electronic states have energies larger than the valence-conduction
band gap of the host, the doped alkali halide crystals are completely transparent in this
wavelength region. Although we do not yet have sufficient experimental information to
make a quantitative identification of the vibrational pumping mechanism, we have
determined that the effect is linear in incident pump intensity and not produced by a
nonlinear effect such as two photon absorption. The IR emission results are clean enough

to indicate that a new solid state conversion process of UV to IR has been uncovered.
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Figure 8. Top graph: The frequency distribution of the integrated
fluorescence intensity within the vibrational ladder.

bottom graph: Evolution of the fluorescence signal in time for three
transitions. The 2 -> 1 signal much stronger than the 1 -> 0 demonstrates
that population inversion has occurred. The UV pump sets up the initial
distribution of vibrational population then the non-exponential dependence
of the decay curves is produced by V-V transfer.
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The inital energy transfer may stem from the creation of transient color centers in the
laser radiation field made possible by the presence of a nearby molecular defect. We have
found that the UV-IR transfer process is most efficient at elevated temperatures. In
addidon, the IR fluorescence from the de-excitation of the CN- vibrational manifold in the
ground electronic state is observed to yield a series of anharmonically shifted transitions
near 5 um [see Fig. (8)] reminiscent of those spectra described earlier for directly IR
pumped molecules. Exploratory measurements have shown that the strength of the IR
emission grows with increasing host lattice constant and a shift in population to higher
vibrational states occurs at higher pump intensities.

Figure (9) illustrates two of the new effects found with a RblI crystal double doped with
TI* and CN-: (1) the metal ion impurity increases the total vibrational fluorescence output
by an order of magnitude over that obtained from similar crystals which contain only the
molecular impurity and (2) the spectral distribution in the anharmonic ladder depends on the
UV pump intensity. The combined time and intensity dependence of this effect have not

vet been measured.
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Figure 9. Pump energy dependence of the IR emission. In both cases
population inversion occurs between the 2 -> 1 transition.The energy in
the lower trace is a factor three larger than in the upper trace. The larger
number of initially excited CN- ions produced by the high energy pulse
makes the V-V transfer mechanism more effective so the up the ladder
cascade produces population inversion between 3 -> 2 as well as between
2> 1.

26




2.5 Publications (1985-1988)

(Note: A ® in front of the publication indicates that the work was supported by ARO.)

® "Spontaneous Emission and Laser Oscillation from Vibrational Levels of Molecular
Defects in Solids", T. R. Gosnell, R. W. Tkach and A. J. Sievers, Infrared Physics 25,
35 (1985).

® "High Temperature Vibrational Fluorescence of CN- Ions in Alkali Halides", T. R.

Gosnell, T. W. Tkach and A. J. Sievers, Solid State Commun. 53, 419 (1985).

"The Effect of Melting of the Metallic Component on the Anomalous Far-Infrared
Absorption of Superconducting Sn Particle Composites”, W. A. Curtin, R. C. Spitzer, N.
W. Ashcroft and A. J. Sievers, Phys. Rev. Letters 31, 2527 (1985).

"The Mie Resonance for Spherical Metal Particles in an Anisotropic Dielectric”, R. P.
Devaty and A. J. Sievers, Phys. Rev. B 31, 2427 (1985).
® "CW Operation of the KBr:CN- Solid State Vibrational Laser in the S mm Region",
T. R. Gosnell, C. R. pollock and A. J. Sievers, Optics Letters 10, 125 (1985).
® "Ultrasonic Attenuation Measurements on Crystals which Display Persistent
Nonphotochemical IR Spectral Hole Burning”, H. Lengfelner and A. J. Sievers, Phys.
Rev. B 31, 2591 (1985).
® "Far-Infrared Properties of Lattice Resonant modes. VII. Excited States and
Paraelectric Pairs”, L. H. Greene and A. J. Sievers, Phys. Rev. B 31, 3948 (1985).

"Absorptivity of CePd3 from 5 to 400 meV", B. C. Webb, T. Mihalisin and A. J.
Sievers, J. Appl. Phys. 57, 3134 (1985).

"Possibility of Observing Quantum Size Effects in the Electromagnetic Absorption
Spectrum of Small Metal Particles,” R. P. Devaty and A. J. Sievers, Physical Review B
32, 1951 (1985)

"Two-Dimensional Electron Gas in Ing 53Gag 47As/InP Heterojunctions Grown by

27




Atmospheric Pressure Metalorganic Chemical-Vapor Deposition,” L. D. Zhu, P. E.
Sulewski, K. T. Chan, K. Muro, J. M. Ballantyne, and A. J. Sievers. J. Appl. Phys. 58,
3145-3149 (1985)

"Dipole-Dipole-Interaction-Induced Line Narrowing in Thin Film Vibrational-Mode
Spectra,” Z. Schlesinger, L. H. Greene, and A. J. Sievers, Physical Review B 32, 1721
(1985).

"Linewidth of H Chemisorbed on W(100): An Infrared Study", D. M. Riffe, L. M.
Hanssen, Y. J. Chabal, S. B. Christman, and A. J. Sievers, Surt. Sci. 161, L559
(1985).
® "Persistent Holes and Antiholes in the Vibrational Spectra of Matrix-Isolated
Molecules"”, A.J. Sievers, Cryst. Latt. Def. and Amorp. Mat. 12, 441 (1985).
® "Persistent Infrared Hole-burning Spectroscopy of Matrix-isolated CN- Molecules,"
R. C. Spitzer, W. P. Ambrose and A. J. Sievers, Optics Letters 11, 428 (1986)

"Surface Reconstruction Induced Changes in Free Carrier Scattering from the W(100)
Surface: An Infrared Surface Electromagnetic Wave Study,” D. M. Riffe. L. M. Hanssen
and A. J. Sievers, Physical Review B 34, 692 (1986).

"Infrared Observation of Adsorbate Induced Changes in Free Carrier Surface
Scattering,” D. M. Riffe, L. M. Hanssen and A. J. Sievers, Surface Science 176, 679
(1986).
® "Intensity-dependém Cyclotron Resonance in a GaAs/GaAlAs Two-dimensional
Electron Gas,” G. A. Rodriguez, R. M. Hart, A. J. Sievers, F. Keilmann, Z. Schiesinger,
S. Wright, and W. 1. Wang, Applied Physics Letters 49, 458 (1986).

"Proton Tunneling with meV Energies at the Be:H Acceptor Complex in Silicon,” K.
Muro and A. J. Sievers, Physical Review Letters 57, 897 (1986).

" Reply to "Comment on 'Observation of an index-of-refraction-induced change in the
Drude parameters of Ag films', " H. Gugger, M. Jurich, J. D. Swalen, and A. J. Sievers,
Phys. Rev. B 34, 1322 (1986).

28




"Observation of an Energy and Temperature Dependent Carrier Mass tor Mixed
Valence CePd3,” B. C. Webb, A. J. Sievers, and T. Mihalisin, Physical Review Letters
57, 1951-1954 (1986)

" Infrared Surface Wave Interferometry on W(100)," L. M. Hanssen, D. M. Riffe,
and A. J. Sievers, Optics Letters 11, 782 (1986).
® " Observation of Persistent IR Hole Burning in the Vibrational Spectrum of CN- in
KBr,” R. C. Spitzer, W. P. Ambrose, and A. J. Sievers, Physical Review B 34, 7307
(1986).

" Incoherent Saturation Study of the Selenium Donor in AlSb," R. E. Peale, K. Muro,
J. T. McWhirter, and A. J. Sievers, Solid State Communications 60, 753-755 (1986).

"Hemispherical Emissivity of V, Nb, Ta, Mo, and W from 300 to 1000 K," S. X.
Cheng, P. Cebe, L. M. Hanssen, D. M. Riffe, and A. J. Sievers, Journal of the Optical
Society of America B 4, 351 (1987).

" Observation of Tunneling at Deep Level Acceptor Complexes in Silicon,” K. Muro
and A.J. Sievers, Proceedings of the 18th International Conference on the Physics of
Semiconductors, O. Engstrom, ed. (World Scientific, 1987) vol. 2, p. 891.
® "Measurement of the Superconducting Energy Gap in La-Ba-Cu Oxide and La-Sr-Cu
Oxide,” P. E. Sulewski, A. J. Sievers, S. E. Russek, H. D. Hallen, D. K. Lathrop, and
R. A. Buhrman, Physical Review B 35, 5330 (1987).
® "Far Infrared Measurements of a2(®)F(®) in Superconducting La) 848116Cu04.y,"
P. E. Sulewski, A. J. Sievers, R. A. Buhrman, J. M. Tarascon, L. H. Greene, and W. A.
Curtin, Physical Review B 35, 8829 (1987).
® "Persistent Spectral Hole Burning in Solids Using Lead-Salt Lasers,” A.J. Sievers,
The Laser Analytics Letter 8, 1 (1987).
® "Free Carrier Relaxation Dynamics in the Normal State of Sintered YBa,;Cu;04.,,"

P. E. Sulewski, T. W. Noh, J. T. McWhirter, A. J. Sievers, S. E. Russek, R. A.

29

e ————————————————




Buhrman, C. S. Jee, J. E. Crow, R. E. Salomon, and G. Myer, Physical Review B 36,
2357 (1987).

"IR Spectral Hole Burning of S-H Deep Donors in a Si:Ge Crystal,” S. P. Love, K.
Muro, R. E. Peale, and A. J. Sievers, Physical Review B 36, 2590 (1987).
® "Far Infrared Composite Medium Study of Sintered La,NiO, and
La; gsSrp 15Cu0y.,," P. E. Sulewski, T. W. Noh, J. T. McWhirter, A. J. Sievers,
Physical Review B 36, 5735 (1987).
®  "Comparison of the Electrodynamic Properties of Sintered YBa,Cu305., and
La, g55rp15Cu0,y," T. W. Noh, P. E. Sulewski, and A. J. Sievers, Physical Review
B 36, 8866 (1987).
® "Vibrational Relaxation Dynamics of Matrix-Isolated BH,D,~," D. M. Kammen, T.
R. Gosnell, R. W. Tkach, and A. J. Sievers, Journal of Chemical Physics 87, 4371
(1987).
® "Pulsed, Room Temperature Operation of a Tunable NaCl Color-Center Laser," C.
F. Culpepper, T. J. Carrig, J. F. Pinto, E. Georgiou, and C. R. Pollock, Optics Letters,
12, 882 (1987).
® "Pulsed, Room Temperature Operation of a Tunable NaCl Color-Center Laser," C.
F. Culpepper, T. J. Carrig, and C. R. Pollock, J. Optical Society of America A 4,22
(1987).
® "Persistent Infrared Spectral Hole-Burmning for Impurity Vibrational Modes in Solids,"
A.J. Sievers and W. E. Moerner, in Persistent Spectral Hole-Burning: Science and
Applications, W. E. Moemer, Editor (Springer-Verlag Publishing Co., New York,
1988) Chapter 6.

"Zeeman Splitting of Double-Donor Spin-Triplet Levels in Silicon,” R. E. Peale, K.
Muro, A. J. Sievers and F. S. Ham, in press Phys. Rev. B (1988).

® "Far Infrared Measurements on Single Crystals, Films, and Bulk Sintered High

30




Temperature Superconductors,” T. W. Noh, P. E. Sulewski, S. G. Kaplan, A. J.
Sievers, D. K. Lanthrop and R. A. Buhrman, Materials Research Society Symp. Proc.
99, 435 (1988).
® "Optical Pumping of Vibrational Overtones in KI:CN- Infrared Lasers,” T.R.
Gosnell, A. J. Sievers, and C. R. Pollock, Optics Letters 13,(1988).
®  "Persistent Changes in the FIR Spectrum of KI:NO," produced by IR Vibrational
Hole Burning,” W. P. Ambrose and A. J. Sievers, accepted by Chemical Physics Letters,
(1988).
® "Intrinsic Localized Modes in Anharmonic Crystals,” A.J. Sievers and S. Takeno,
submitted to Physical Review Letters, (1988).
® "Anharmonic Resonant Modes in Perfect Crystals,” S. Takeno and A. J. Sievers,
submitted to Solid State Communications (1988).
® "Optical Reflectivity Studies of Polycrystalline La,BaCusO,5 and La,SrCu,Oq,5." S.
G. Kaplan, T. W. Noh, P. E. Sulewski, H. Xia, and A. J. Sievers, submitted to Rapid
Commun. Physical Review B (1988).
®  "Persistent Infrared Spectral Hole Burning of the SH Vibrational Mode in
Hydrogenated As,S; Glass," S. P. Love and A. J. Sievers, submitted to Rapid
Copmmun. Phys. Rev. B (1988).

" The Far Infrared Absorptivity of UPt;," P. E. Sulewski, A. J. Sievers, M. B.
Maple. M. S. Torikachvili, J. L. Smith and Z. Fisk, submitted to Physical Review B
(1988).

Reports and Theses
"Novel Optical, Infrared and Far Infrared Measurements on Metals", A.J. Sievers, in
Proceedings of the International Workshop on the Electromagnetic Response of Surfaces,

R. G. Barrera and W. L. Mochan, ed's. (CONAC y T, Cholula, Pueblo, 1985), p. 37.

31




® "Influence of Energy Transfer in the CW Operation of the KBr:CN Solid State
Vibrational Laser”, T. R. Gosnell, C. R. Pollock and A. J. Sievers, in Proceedings of the
Conference on Lasers and Electro Optics, 1985), p. 98.
® "Persistent Spectral Hole Burning in the Vibrational Modes of KBr:NO,™", W. P.
Ambrose and A. J. Sievers, Bull. Amer. Phys. Soc. 31, 278 (1986).
® "Exploring Persistent Effects in the Vibrational Spectrum of KBr:CN-:Na*t with
Tunable Diode Lasers”, R. C. Spitzer, W. P. Ambrose and A. J. Sievers, Bull. Amer.
Phys. Soc. 31, 278 (1986).
®  "Spectroscopy of Persistent Spectral holes and Antiholes in a Vibrational Absorption
Band of Matrix isolated Molecules Using Stark Modulation Techniques”, T. R. Gosnell,
R. W. Tkach and A. J. Sievers, Bull. Amer. Phys. Soc. 31, 278 (1986).
® "Stable, Powerful Color Center Laser Operating in the 1.41 to 1.77 um Region", J.
F. Pinto, E. T. Georgiou and C. R. Pollock, CLEO Tech. digest, 340 (1986).
® "Exploring V-V Transfer between CN- Molecules in Alkali Halides", R. C. Spitzer
and A. J. Sievers, Bull. Amer. Phys. Soc. 32, 894 (1987).
® "Persistent Changes in the Phonon-Gap Mode Spectrum of NO,- in KI Induced by IR
Hole Burning"”, W. P. Ambrose and A. J. Sievers, Bull. Amer. Phys. Soc. 32, 8§94
(1987).
® "Vibrational Emission from Nonresonantly Excited CN- Molecules in Alkali Halide
Crystals”, J. T. McWhirter, W. P. Ambrose and A. J. Sievers, Bull. Amer. Phys. Soc.
32, 894 (1987).
® "Far-IR Intensity dependence of the Cyclotron resonance of a 2-DEG Electron Gas,"
G. A. Rodriguez, R. M. Hart, A. J. Sievers, and Z. Schlesinger, J. Optical Society of
America A 4,28 (1987).

"Infrared Spectral Hole Burning of Defects in Elemental Semiconductors," S. P.
Love, K. Muro, R. E. Peale, and A. J. Sievers, J. Optical Society of America A 4, 48
(1987).

32




"Zeeman Spectroscopy on Deep Double Donors in Si: the Solid State Analogue of the
Helium Atom," R. E. Peale, K. Muro, A. J. Sievers, and F. S. Ham, J. Optical Society of
America A 4, 65 (1987).
® "Nonresonant Satellite Holes Produced by Persistent Spectral Hole Burning in
KCLNO2-," W. P. Ambrose and A. J. Sievers, J. Optical Society of America A 4, 73
(1987).
® "Dynamics of UV-induced Vibrational Fluorescence of the CN- Ion in Alkali
Halides," J. T. McWhirter, W. P. Ambrose and A. J. Sievers, J. Optical Society of
America A 4,73 (1987).
® "Microwave Superconductivity for Particle Accelerators - How the High Tc
Superconductors Measure Up," H. Padamsee, K. Green, J. Gruschus, J. Kirchgessner,
D. Moffat, D. L. Rubin, J. Sears, Q. S. Shu, R. Buhrman, D. Lathrop, T. W. Noh, S.
Russek, and A. J. Sievers, Conference on Superconductivity and Applications, Institute
on Superconductivity, SUNY Buffalo, April 18-20, 1988.
® "Influence of Persistent IR Hole Burning on Far Infrared Gap Modes,” W. P.
Ambrose and A. J. Sievers, Bull. Amer.Phys. Soc. 33, 775 (1988).
® "Persistent IR Spectral Hole Burning in Hydrogen-doped As2S3 Glass," S. P. Love
and A. J. Sievers, Bull. Amer.Phys. Soc. 33, 784 (1988).
® "Vibrational Stark Effect for Matrix Isolated CN- Molecules,” R. C. Spitzer, A. J.
Sievers, and R. H. Silsbee, Bull. Amer.Phys. Soc. 33, 776 (1988).
®  "Optical Response from 1 meV to 3.8 eV of Single-Crystal YBa,Cu;07,,," P. E.
Sulewski, T. W. Noh, and A. J. Sievers, Bull. Amer.Phys. Soc. 33, 416(1988).
®  "Far Infrared Reflectivity Measurements on Single-Crystal YBayCu;304,,," T. W.
Noh, P. E. Sulewski, and A. J. Sievers, Bull. Amer.Phys. Soc. 33, 451(1988).
® Frank Isakson Prize Lecture: "Far Infrared Electrodynamics of Oxide
Superconductors”, A. J. Sievers, Bull. Amer. Phys. Soc. 33, 507 (1988).

33




® "Dielectric properties of the Exited State Off-Center Configuration of Silver Doped
KI", S. B. Hearon, M.S. Thesis, Cornell University (1986).
® "A Solid State Vibrational Laser”, T. R. Gosnell, Ph. D. Thesis, Cornell University
(1986).

"Infrared Dynamical Conductivity of the Valance-Fluctuating Alloys of CePd,, B. C.
Webb, Ph. D. thesis, Cornell University (1986).
® “IR Vibrational Fluorescence and Persistent Hole Burning from CN- Molecules in
Alkali Halides", R. C. Spitzer, Ph. D. Thesis, Cornell University (1988).
® "Electrodynamics of Heavy Fermion Compounds and High T, Superconductors”, P.

E. Sulewski, Ph. D. Thesis, Comell University (1988).

34




3. REFERENCES

1. T. H. Maiman, Phys. Rev. Lett. 4, 564 (1960).

2. J. E. Geusic, H. M. Marcos and L. G. Van Uitert, Appl. Phys. Lett. 4, 182 (1964).
3. 1. C. Walling, O. G. Peterson and R. C. Morris, IEEE J. Quant. Electron. QE 16, 120
(1980).

4. Yu. K. Voronko, A. A. Kaminskii, V. V. Osiko and A. M. Prokorov, JETP Lett. 1, 3
(1965).

5. D. J. Ehrlich, P. F. Moulton and R. M. Osgood, Opt. Lett. 4, 184 (1978).

6. L. F. Mollenaur and D. H. Olsen, Appl. Phys. Lett. 24, 386 (1974).

7. B. Henderson, Opt. Lett. 6, 437 (1981).

8. R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. Soltys and R. O. Carlson, Phys. Rev.
Lett. 9, 366 (1962).

9. H. Rupprecht, J. M. Woodall and G. D. Pettit, IEEE J. Quant> Electronics QE 4, 199
(1968).

10. J. F. Butler, A. R. Calawa and T. C. Harmon, Appl. Phys. Lett. 9, 427 (1966).

11. W. R. Hitchens, N. Holonyak, P. D. Wright and J. J. Coleman, IEEE Trans.
Electron Devices ED 22, 1056 (1975).

12. W. B. 3ridges, Appl. Phys. lett. 4, 128 (1964).

13. W. B. Bridges, Proc. IEEE 52, 843 (1964).

14. A. Javan, W. R. Bennett and D. R. Herriott, Phys. Rev. Lett. 6, 106 (1961).

15. H. G. Heard, Bull. Amer. Phys. Soc. 9, 65 (1964).

16. C. K. N. Patel, Phys. Rev. Lett. 12, 588 (1964).

17. C. K. N. Patel, Appl. Phys. Lett. 7, 246 (1965).

18. G. Moeller and J. D. Rigden, Appl. Phys. Lett. 8, 69 (1966).

19. T. F. Deutsh, Appl. Phys. Lett. 10, 234 (1967).

20. W. E. Moemer, A. J. Sievers and A. R. Chraplyvy, Phys. Rev. Lett. 47, 1082

35




(1981).

21. H. Dubost, Ber. Bunsenges. Phys. Chem. 82, 112 (1978).

22. J. M. Wiesenfeld and C. B. Moore, J. Chem. Phys. 70, 930 (1979).

23. B. Gauthier-Roy, L. Abouaf-Marguin and F. Legay, Chem. Phys. Lett. 76, 68
(1980).

24. V. A. Apkarian and E. Weitz, Chem. Phys. Lett. 76, 68 (1980).

25. A.D. Abbate and C. B. Moore, J. Chem. Phys. 82, 1263 (1985).

26. G.R. Field and W. F. Sherman, J. Chem. Phys. 47, 2378 (1967).

27. H. Dubost, L. Abouf-Marguin and F. Legay, Phys. Rev. Lett. 29, 145 (1972).
28. H. Dubost and R. Charneau, Chem. Phys. 12, 407 (1976).

29. H. Dubost and R. Charneau, Chem. Phys. 41, 329 (1979)

30. N. Legay-Sommaire and F. Legay, IEEE J. QE 16, 308 (1980).

31. Y. Yang and F. Liity, Phys. Rev. Lett. 51, 419 (1983).

32. K. P. Foch, Y. Yang and F. Liity, Phys. Rev. B29, 5840 (1984).

33. R. W. Tkach, T. R. Gosnell and A. J. Sievers, Optics Letters 9, 122 (1984).
34. T. R. Gosnell, R. W. Tkach and A. J. Sievers, J. of Lumin. 31, 166 (1984).
35. T. R. Gosnell, R. W. Tkach and A. J. Sievers, Infrared Physics 25, 35 (1985).
36. T. R. Gosnell, A. J. Sievers and C. R. Pollock, Optics Letters 10, 125 (1985).
37. T.R. Gosnell, A. J. Sievers and C. R. Pollock, Optics Letters 13, (1988).

38. T.R. Gosnell, T. W. Tkach and A. J. Sievers, Solid State Commun. 53, 419 (1985).
39. R. C. Spitzer and A. J. Sievers, Bull. Amer. Phys. Soc. 32, 894 (1987); Ph. D.
thesis, Cornell University (1988).

40. J. T. McWhirter, W. P. Ambrose and A. J. Sievers, Bull. Amer. Phys. Soc. 32, 8§94
(1987).

41. J. T. McWhirter, W. P. Ambrose and A. J. Sievers, J. Optical Society of Ameriza A
4, 73 (1987).

42. T.R. Gosnell, Ph. D. Thesis, Cornell University (1986); Materials Science Center

36




Report # 5772.

43. J. F. Pinto, E. Georgiou, and C. R. Pollock, Optics Lett. 11, 519 11986).

44, C. K. N. Patel, Phys. Rev. 141, 71 (1966).

45. J.T. Yardley, Appl. Optics 10, 1760 (1971).

46. M. L. Bhaumik, W. B. Lacina, and M. M. Mann, IEEE J. Quant. Elect. QE-8,
150 (1972).

47. W. Gellerman, Y. Yang, and F. Luty, Optics Comm. 57, 196 (1985).

37




